Concentrations of phase-partitioning 13 polycyclic aromatic hydrocarbons (PAHs) in seawater were investigated in the Tsukumo Bay, Noto Peninsula, Japan, during 2014-2018, to improve the understanding of the environmental behavior of PAHs in the coastal areas of the Japan Sea. Total PAH (particulate plus dissolved) concentrations in surface seawater were in the range 0.24-2.20 ng L −1 (mean 0.89 ng L −1 ), an order of magnitude lower than the mean values observed in the Japan Sea in 2008 and 2010. Although the PAH contamination levels during 2014-2018 were significantly lower than those in the East China Sea, the levels increased from 2014 to 2017 and were maintained at the higher level during 2017-2018. The main sources of particulate and dissolved PAHs during 2014-2018 were combustion products, of which the former were more influenced by liquid fossil-fuel combustion and the latter by biomass or coal combustion. The increase in particulate PAH concentrations in October-December during 2014-2018 was due to the impact of PAH-rich airmasses transported from the East Asian landmass in the northwesterly winter monsoon winds. The increase in dissolved PAH levels during Total PAH fluxes into the East China Sea are estimated to be 243 t year −1 through river flow (Yangtze River, 232 t year −1 ; Qiantang River, 11 t year −1 [8]) and~150 t year −1 through atmospheric deposition [9,10], with~38% (152 t year −1
Introduction
The East Asian marginal seas, namely the East China Sea and Japan Sea, are concerned about the high cumulative human impact of non-point-source organic and inorganic contamination on marine ecosystems [1] . Polycyclic aromatic hydrocarbons (PAHs), originating mainly from the incomplete combustion of fossil fuels and biomass and the leakage of petroleum products [2] , are hazardous pollutants with adverse carcinogenic and mutagenic potential [3] . The total global atmospheric emission of PAHs in 2007 was 504 kt, of which 22% (111 kt) was emitted in East Asia in association with economic and industrial growth [4] . Terrigenous PAHs distribute in coastal marine environments via surface runoff, atmospheric particle deposition, and gas partitioning with oil spill, through which they enter marine food chains [5] [6] [7] . 
Pretreatment and Measurements of PAHs
A high-performance liquid chromatography (HPLC) system was employed for the PAH analyses. PAHs were extracted from seawater samples using the solid-phase extraction method developed by Hayakawa et al. (2016) [16] , as described in detail by Nagato et al. (2019) [18] . Particulate and dissolved phases were separated by filtration through 0.5 µm glass-fiber filters (GC50, Advantec, Japan), as early as possible, after sampling. On average, the weights of particulate matter were 56 mg (0.63%) in seawater samples and 170 mg (1.7%) in river water sample. Dissolved material was defined as water components that were smaller than 0.5 µm. Small particles could pass through the glass-fiber filter artificially increasing the determined quantity of dissolved PAHs. Dissolved organic compounds, including PAHs, were concentrated using C18 (octadecyl) solid-phase extraction disks (C18 disk, 3M Company, Saint Paul, MN, USA), at a flow rate of <200 mL min −1 . The C18 disks were preconditioned by sequential washing with 50 mL dichloromethane, 50 mL methanol, and 50 mL milli-Q water. Particulate and dissolved phases (on GC50 filters and C18 disks, respectively) were refrigerated at −20 °C, until the extraction of PAHs. Particulate and dissolved PAHs were respectively extracted from the GC50 filters using an ultrasonic method and were eluted from the C18 disks with 100 mL dichloromethane. Six samples were extracted each time, for particulate and dissolved PAHs. Dimethyl sulfoxide (DMSO; 200 µL) with a high boiling point of 189 °C was added to both of the extracted solutions to prevent decomposition of PAHs during the following evaporation stage. The dichloromethane was evaporated to dryness using a rotatory evaporator, and the DMSO residue of 200 µL was dissolved in 800 µL acetonitrile for HPLC assay.
The HPLC system was configured as in Hayakawa et al. (2016 Hayakawa et al. ( , 2018 [16, 21] . The system (Hitachi co., Ltd. Japan) was equipped with two pumps (L-2130), auto injector (L-2200), and an oven (L-2350) 
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The HPLC system was configured as in Hayakawa et al. (2016 Hayakawa et al. ( , 2018 [16, 21] . The system (Hitachi co., Ltd. Japan) was equipped with two pumps (L-2130), auto injector (L-2200), and an oven (L-2350) with columns-an Inertsil ODS-P analytical column (250 mm length, 4.6 mm internal diameter, 5 µm C18 100 Å; GL science Inc., Japan) and a guard column (10 mm length, 4.0 mm internal diameter, 5 µm C18 100 Å; GL science Inc., Japan). A fluorescence detector (FLD, L-2485) was used with a programmed set of wavelengths (excitation/emission) of 280/340-331/392 nm. The mobile phase was a mixture of acetonitrile and milli-Q water, with the gradient of elution increasing from 55% to 100% acetonitrile, over 80 minutes, at a flow rate of 1.0 mL min The overall sample pretreatment after phase partitioning of PAHs of the method recoveries, including measurement sensitivities for HPLC assay of each samples, were estimated by the use of internal standards of deuterated analogs of phenanthrene (Phe-d 10 ) and pyrene (Pyr-d 10 ). The samples were spiked with these analogs at the ultrasonic extraction stage for particulates and the C18 disk stage for dissolved PAHs. Method recoveries including sensitivities of the deuterated PAH analogs were 78%-107% for the particulate phase (means of 95% for Phe-d 10 and 97% for Pyr-d 10 ) and 69%-130% for the dissolved phase (means of 97% for Phe-d 10 and 89% for Pyr-d 10 ), on the basis of the chromatograms of the internal standards in each sample and standard solutions. Analytical results of the 13 PAHs were collected according to the recovery rates of Phe-d 10 for Ace, Fle, and Ant, Pyr-d 10 for Flu, Pyr, BaA, Chr, BbF, BkF, BaP, DBA, BgPe, and IDP. Quality control and assurance of the PAHs values during long-term study were carried out on the basis of the method recoveries, including measurement sensitivities of each samples.
Results and Discussion

Oceanic Conditions
Hourly variations in surface seawater temperature and salinity recorded in the Tsukumo Bay on sampling days during 2014-2018 are shown in Figure 2A . Water temperature ranged seasonally from 10.4 to 29.1 • C; and salinity from 32.0 to 34.3 PSU, decreasing to 30.6 PSU in June 2014, 29.6 PSU in July 2017, and 31.2 PSU in September 2018. Most temperature and salinity data for the Tsukumo Bay were within the ranges of >10 • C for water temperature [13] and 31.6-35.1 PSU for salinity [14, 23] , observed upstream of the Coastal Branch of the TWC. Furthermore, Inoue et al. (2006) [19] revealed that, based on soluble radium isotopes ( 228 Ra/ 226 Ra ratio), coastal areas around the Noto Peninsula including the Tsukumo Bay were predominantly occupied with a mixture of the Kuroshio Current water and the East China Sea continental shelf water, showing large seasonal variation of the mixing ratio. The decrease in salinity observed during June 2014, July 2017, and September 2018 would have been due to the relatively large amount of terrestrial fresh water transiently flowing into the Tsukumo Bay. 
PAH Contamination Levels
Total concentrations of the 13 particulate and dissolved PAHs (Σ13PAHpart and Σ13PAHdiss) and individual PAH concentrations in the monthly seawater samples from Tsukumo Bay, for 2014-2018 are summarized in Table 1 ; Table 2 , with variations in Σ13PAHpart and Σ13PAHdiss values illustrated in Figure 2B . The overall total PAH concentrations, Σ13PAHs (= Σ13PAHpart + Σ13PAHdiss), in surface seawater were in the range 0.24-2.20 ng L −1 , with the maximum value being recorded in March 2015. The annual mean Σ13PAH concentration increased from 0.40 ng L −1 in 2014 to 1.17 ng L −1 in 2017, plateauing at 1.06-1.17 ng L −1 , during 2017-2018, with a mean of 0.89 ng L −1 over the entire period. The mean Σ13PAH concentration in the Tsukumo Bay measured during the present study was two orders of magnitude lower than the Σ10PAH and Σ15PAH concentrations measured in the continental shelf waters of the East China Sea during 2005-2006 and 2009-2011 when Σ10PAH and Σ15PAH levels of 70-120 ng L −1 (mean 87 ng L −1 ) [12] and 10-150 ng L −1 (mean 54 ng L −1 ) [11] , respectively, were recorded. PAH contamination in the Tsukumo Bay was also an order of magnitude lower than that in the Southeastern Japan Sea in 2008 (Σ13PAH = 6.8-14 ng L −1 ; mean 9.4 ng L −1 [16] ) and the northwestern coastal region of the Japan Sea in 2010 (Σ13PAH = 7.4-10.2 ng L −1 ; mean 7.9 ng L −1 [17] ). Nagato et al. [18] reported matching yearly decreases in the Σ13PAH levels in the Japan Sea and the 
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PAH Composition
Mean concentrations and relative compositions of 3-6-ring particulate and dissolved PAHs in seawater in Tsukumo Bay, during 2014-2018, are graphed in Figure 3 , together with compositions in river water from a local inflowing river. The overall mean Σ 13 PAH concentration in seawater (0.89 ng L −1 ) included dissolved-and particulate-phase components of 74% and 26%, respectively. The Σ 13 PAH content of river water was 1.93 ng L −1 , about twice that of seawater, and comprised 66% and 34% particulate-and dissolved-phase PAHs, respectively, with Σ 13 PAH diss levels in seawater and river water being similar, at 0.65-0.66 ng L −1 ( (Table 2) . For particulate PAHs, 4-5-ring PAHs were predominant, contributing 29%-43% of Σ 13 PAH in seawater and 22%-54% in river water; whereas 3-4-ring PAHs were predominant in the dissolved phase, contributing 43%-50% in seawater and 44%-52% in river water. A similar predominance of lower-molecular-weight PAHs in the dissolved phase was observed in previous studies of PAHs in seawater [16] [17] [18] and river water [24] , and was attributed to increasing PAH solubility with decreasing molecular size, which in turn is related to differences in PAH vapor pressure [16, [25] [26] [27] . Although the relative compositions of 3-6-ring PAHs in the particulate and dissolved phases were similar for seawater and river water, relative fractions of particulate and dissolved PAHs and individual dissolved PAHs differed, with Fle, Flu, and Pyr being predominant in seawater and Ace, Fle, and Pyr in river water. attributed to increasing PAH solubility with decreasing molecular size, which in turn is related to differences in PAH vapor pressure [16, [25] [26] [27] . Although the relative compositions of 3-6-ring PAHs in the particulate and dissolved phases were similar for seawater and river water, relative fractions of particulate and dissolved PAHs and individual dissolved PAHs differed, with Fle, Flu, and Pyr being predominant in seawater and Ace, Fle, and Pyr in river water. 
Primary PAH Contamination Sources
PAH compositions vary with the production source and the chemical component and combustion temperature of organic matter. PAH fingerprints of petroleum origin (e.g., kerosene, gasoline, diesel oil, shale oil, and crude oil) or pyrolytic origin (combustion of biomass and fossil fuel) can be used to differentiate between these origins using molecular indices based on ratios of selected PAH concentrations [28] . 
PAH compositions vary with the production source and the chemical component and combustion temperature of organic matter. PAH fingerprints of petroleum origin (e.g., kerosene, gasoline, diesel oil, shale oil, and crude oil) or pyrolytic origin (combustion of biomass and fossil fuel) can be used to differentiate between these origins using molecular indices based on ratios of selected PAH concentrations [28] . [15, 29] but also aquatic environments [16] [17] [18] 28, 30] . Yunker et al. [30] evaluated the relative stability of these PAHs and found that mass 202 and 276 isomeric ratios of [Flu] / [Flu + Pyr] and [IDP] / [IDP + BgPe] have the greatest stability range and hence might be useful as indicators of petroleum versus combustion sources. Furthermore, Ant and BaA degrade photolytically in the atmosphere at much higher rates than their isomers and other PAHs [31, 32] . The ratios of [Ant] / [Ant + Phe] and [BaA] / [BaA + Chr] in areas distal to sources might therefore differ from those observed proximally to emission sources [30] . In contrast, the [Flu] / [Flu + Pyr] and [IDP] / [IDP + BgPe] isomeric-pair ratios degrade photolytically at comparable rates [33] , with the original composition being preserved during transport [30] . In seawater from the Tsukumo Bay, Flu and Pyr were principal components, contributing 13%-15% of Σ 13 PAH part and 14%-31% of Σ 13 PAH diss , whereas BgPe and IDP were minor components, contributing 6%-11% of Σ 13 PAH part and 0.6%-1% of Σ 13 PAH diss ( Table 3 , together with those of river water. Seawater [Flu] / [Flu + Pyr] ratios were in the ranges of 0.35-0.74 and 0.43-0.86 for the particulate and dissolved phases, respectively. Most ratios were >0.4 for the particulate phase (mean 0.54) and >0.5 for the dissolved phase (mean 0.68), indicating that the former were more influenced by liquid-fossil-fuel combustion and the latter by biomass or coal combustion. The predominant PAH source for river water was a combustion of biomass or coal for particulates and liquid fossil fuels for the dissolved phase, as indicated by [Flu] / [Flu + Pyr] ratios of 0.75 and 0.48, respectively. On the basis of interannual surveys of [Flu] / [Flu + Pyr] ratios in seawater, Nagato et al. [18] suggested that PAH sources for the Japan Sea during 2008-2014 changed with a greater combustion component and decreasing input than petrogenic sources. Therefore, the primary PAH source for seawater in Tsukumo Bay, after 2014, was considered to be combustion products, with liquid-fossil-fuel combustion having a greater influence on particulate PAHs and biomass or coal combustion on dissolved PAHs. This was consistent with PAHs in the atmosphere of Noto Peninsula and marine environments of the East China Sea being mainly pyrogenic products, as inferred from PAH isomeric ratios in airborne suspended particles [15] and marine surface sediments [35] . 
PAH Variations and Transport Pathways
The main source areas and transport pathways associated with PAH contamination in the Tsukumo Bay are considered to be (1) surface runoff from the bay catchment area, (2) atmospheric transport from the East Asian landmass during the winter monsoon, and (3) marine transport from the East China Sea in the Coastal Branch of the TWC.
Temporal variations in the Σ 13 PAH part and Σ 13 PAH diss levels in seawater during 2017-2018 are shown in Figure 4 . The Σ 13 PAH part concentration, accounting for 26% of the Σ 13 PAH concentration, varied from 0.05 to 1.23 ng L −1 (mean 0.23 ng L −1 ; Table 1) , with higher values occurring in October 2014, March and December 2015, October 2016, June and October 2017, and October 2018. The annual mean Σ 13 PAH part concentration increased from 0.14 ng L −1 in 2014 to 0.41 ng L −1 in 2017 and decreased to 0.23 ng L −1 in 2018 ( Table 1 ). The predominant Σ 13 PAH diss component, contributing 74% of the Σ 13 PAH concentration, was in the range 0.13-1.80 ng L −1 (mean 0.66 ng L −1 ; Table 1) , with higher values in August 2014, March 2015, January, April, and September 2016, August and September 2017, and July and August 2018. The annual mean Σ 13 PAH diss concentration increased from 0.26 to 0.94 ng L −1 during 2014-2018.
The Σ 13 PAH content of the inflowing river at Tsukumo Bay was 1.93 ng L −1 , about twice that of the seawater (Section 3.2). As discussed in Section 3.1, when the salinity of seawater dropped below 32.0 PSU in June 2014, July 2017, and September 2018, a relatively large amount of fresh-water surface runoff was flowing into the Tsukumo Bay via small rivers with relatively high PAH concentrations. However, during those months, higher PAH concentrations were not recorded in the surface seawater of Tsukumo Bay, for either Σ 13 PAH part or Σ 13 PAH diss . Mean annual precipitations for 2014, 2015, 2016, 2017, and 2018 were 2658 mm, 1670 mm, 1917 mm, 1943 mm, and 2214 mm, respectively [19] . Although the highest annual precipitation was recorded during 2014, the annual mean Σ 13 PAH part and Σ 13 PAH diss values were no higher during 2014 than in 2014-2019. The relative fractions of particulate and dissolved PAHs, predominant PAHs in the dissolved phase, and primary sources of particulate and dissolved PAHs, differed between seawater and river water, as discussed in Sections 3.3 and 3.4.
The main source areas and transport pathways of PAHs in the Tsukumo Bay, thus, did not include surface runoff from the bay catchment area. summer continental shelf water from the East China Sea on the dissolved PAH levels in the Tsukumo Bay. Furthermore, the main source of PAHs in the Tsukumo Bay was combustion products, consistent with that in the East China Sea [35] (Section 3.4). Marine transport in the Coastal Branch of TWC is, therefore, considered to be one of the main transport pathways of dissolved PAHs into the Tsukumo Bay, although the higher Σ13PAHdiss levels in March 2015 and January and April 2016 suggest that PAHs might also be derived from emissions in the southwestern area of the Japanese Archipelago and the Japan Sea. 
Conclusions
Concentrations of phase-partitioning PAHs were measured on a monthly basis during 2014-2018 at the Tsukumo Bay, Noto Peninsula, in the coastal area of the Japan Sea. Mean annual Σ13PAH concentrations in surface seawater in the Tsukumo Bay, during 2014-2018, were in the range 0.40-1.17 ng L −1 , two orders of magnitude lower than those in the East China Sea and an orders of magnitude lower than that recorded in the Japan Sea in 2008 and 2010. PAH contamination levels in the Tsukumo Bay increased from 2014 to 2017 and were maintained at a higher level, during 2017-2018. Combustion is the primary PAH source for seawater in Tsukumo Bay, with liquid-fossil-fuel combustion affecting particulate PAH levels, and biomass or coal combustion influencing dissolved PAH levels. The main source areas and transport pathways of PAHs in the Tsukumo Bay are considered to be atmospheric transport during the prevailing northwesterly winter monsoon from the East Asian landmass for the particulate PAHs, with higher levels in October-December during 2014-2018; and marine transport in the Coastal Branch of TWC from the East China Sea for the dissolved PAHs, with higher levels during July-September in 2014, 2016, 2017, and 2018. Tang et al. [15] found that atmospheric PAH concentrations at the Noto Peninsula varied seasonally, with the highest levels being recorded in the prevailing northwesterly winter monsoon season during 2004-2014 (mean Σ 9 PAH 670 pg m −3 ). High Σ 13 PAH part levels occurred in seawater in the Tsukumo Bay, during October-December of 2014-2018 ( Figure 4A ), although no seasonally high Σ 13 PAH diss levels were found during winter. Moreover, the main sources of particulate PAHs in the Tsukumo Bay were combustion products that were conformable with that in the atmospheric suspended particles of the Noto Peninsula [15] , as discussed in Section 3.4. It follows that although atmospheric transport from the East Asian landmass is one of the most important factors affecting particulate PAH levels in seawater, it is not the main factor affecting dissolved PAH levels. Dissolved PAHs in the Tsukumo Bay are, therefore, likely to be associated with marine transport from the East China Sea in the Coastal Branch of the TWC.
The East China Sea is one of the largest sources of PAHs in the Western Pacific, including the Japan Sea [10, 11] , with the continental shelf water there containing relatively high Σ 10 PAH concentrations of 70-120 ng L −1 , during 2005-2006 [12] and Σ 15 PAH concentrations of 10-150 ng L −1 , during 2009-2011 [11] . The highest Σ 15 PAHs levels in the East China Sea occur in summer, during 2009-2011 (80 ± 32 ng L −1 ) owing to the high volume of surface runoff and strong soil erosion transported by the Yangtze River; with winter levels during 2009-2011 (67 ± 25 ng L −1 ) reflecting the input of anthropogenic pyrolytic PAHs from industrial coal and domestic firewood combustion delivered by the prevailing northwest wind from mainland China [11] . As shown in Inoue et al. (2010) [22] , the contribution of the East China Sea continental shelf water in the East Channel of Tsushima Strait, the entrance to the Japan Sea, increases from summer to autumn and decreases during winter and spring. Therefore, summer PAH-rich continental shelf water from the East China Sea enters the Japan Sea with a high mixing ratio to the Kuroshio Current water. Higher Σ 13 PAH diss levels occurred in the Tsukumo Bay in summer (August 2014, September 2016, August and September 2017, and July and August 2018) when the Coastal Branch of the TWC from the East China Sea flowed into the Tsukumo Bay throughout the sampling period (Section 3.1). The increase in Σ 13 PAH diss levels during the summers of 2014, 2016, 2017, and 2018, thus, confirms the possible impact of inflowing PAH-rich summer continental shelf water from the East China Sea on the dissolved PAH levels in the Tsukumo Bay. Furthermore, the main source of PAHs in the Tsukumo Bay was combustion products, consistent with that in the East China Sea [35] (Section 3.4). Marine transport in the Coastal Branch of TWC is, therefore, considered to be one of the main transport pathways of dissolved PAHs into the Tsukumo Bay, although the higher Σ 13 PAH diss levels in March 2015 and January and April 2016 suggest that PAHs might also be derived from emissions in the southwestern area of the Japanese Archipelago and the Japan Sea.
Concentrations of phase-partitioning PAHs were measured on a monthly basis during 2014-2018 at the Tsukumo Bay, Noto Peninsula, in the coastal area of the Japan Sea. Mean annual Σ 13 PAH concentrations in surface seawater in the Tsukumo Bay, during 2014-2018, were in the range 0.40-1.17 ng L −1 , two orders of magnitude lower than those in the East China Sea and an orders of magnitude lower than that recorded in the Japan Sea in 2008 and 2010. PAH contamination levels in the Tsukumo Bay increased from 2014 to 2017 and were maintained at a higher level, during 2017-2018. Combustion is the primary PAH source for seawater in Tsukumo Bay, with liquid-fossil-fuel combustion affecting particulate PAH levels, and biomass or coal combustion influencing dissolved PAH levels. The main source areas and transport pathways of PAHs in the Tsukumo Bay are considered to be atmospheric transport during the prevailing northwesterly winter monsoon from the East Asian landmass for the particulate PAHs, with higher levels in October-December during 2014-2018; and marine transport in the Coastal Branch of TWC from the East China Sea for the dissolved PAHs, with higher levels during July-September in 2014, 2016, 2017, and 2018.
